Abstract: Horse gram [Macrotyloma uniflorum (Lam.) Verdc.] seeds containing high concentrations of fatty acids, flavonols and minerals should provide government, public and private organizations with a nutritious and healthy food for use by malnourished and food deprived people worldwide. Seeds from seven horse gram accessions, geographically adapted to Griffin, GA, USA were analyzed for fatty acid, flavonol, and mineral concentrations using gas chromatography, reverse-phase high performance liquid chromatography, and inductively coupled plasma-optical emission spectroscopy, respectively. Significant year effects occurred for stearic, oleic, linoleic, arachidic, gadoleic, and lignoceric acids. Oleic, linoleic, and linolenic acid ranged from 8.9%-16.8%, 40.3%-45.6%, and 11.6%-14.3%, respectively, as percent of total fatty acids measured (total oil ranged from 2.32% to 2.87%). Seed concentrations of myricetin, quercetin, and kaempferol ranged from 0-36 μg/g DW, 0-27 μg/g DW, and 240-316 μg/g DW, respectively and the only year effect was observed for kaempferol among the horse gram accessions. Year effects were found for Fe, K, Mg, Mn, Ni, and S. Mean concentrations of macrominerals (Ca, K, Mg, P, and S) and microminerals (Cu, Fe, Mn, Ni, and Zn) ranged from 1.3-14 mg/g DW, and 1.0-95.0 μg/g DW, respectively. Several correlations were observed among several fatty acids, flavonols, and minerals. The mono-unsaturated fatty acid, oleic acid correlated significantly with linoleic acid (r = −0.64), arachidic acid (r = −0.61), Ca (r = 0.50) and Zn (r = 0.51, all at P < 0.01). The flavonol, myricetin
Introduction
Fatty acids, flavonols, and minerals are very important phytochemical constituents in legume seeds, providing many human health benefits. The essential fatty acid, linoleic acid, when combined in an optimum balance with α-linolenic acid may slow the onset of Parkinson's and Alzheimer's diseases [1] . These fatty acids are important for healthy cell membrane formation and functional development of the brain and nervous system [2] . The flavonol, myricetin has been found to be a potential skin [3] and bladder cancer preventer [4] , used in pancreatic cancer therapeutics [5] , and a potential severe acute respiratory syndrome coronavirus inhibitor [6] . Human clinical trials have shown that the flavonol, quercetin, reduces blood pressure in hypertensive patients [7] , improves endothelial function for beneficial cardiovascular effects [8] , increases endurance without exercise training [9] , and decreased the intensity of knee osteoarthritis symptoms when combined with glucosamine hydrochloride and chondroitin sulfate [10] . Several macro-minerals including Na, K, Ca, Mg, S, P, and Cl as well as the micro-minerals, Fe, Zn, Cu, Mn, I, F, Se, Mo, Co (in B 12 ) are essential for human life [11] . Micro-mineral malnutrition is a very serious problem in Africa with deficiencies causing anemia and IQ reduction [12] .
Horse gram (Macrotyloma uniflorum (Lam.) Verdc. is a minor legume used as a pulse crop in India [13] and has been found to be good nutritional quality [14] . Horse gram seeds have recently been shown to prevent atherosclerosis in rats and may be a potential functional food for the prevention of hyperlipidaemic atherosclerosis [15] . An α-amylase inhibitor from horse gram seeds has recently been shown to have antihyperglycemic potential [16] . Extracts from horse gram plants have shown potential for treating several human infections [17] .
There is limited information regarding fatty acid, flavonol, mineral, and genetic variation among horse gram accessions in the USDA, ARS germplasm collection. Thirty-two horse gram accessions are available in the USDA collection. However, only seven horse gram accessions were chosen because of their adaptation to our geographic region for optimum seed production. Our objectives were to evaluate these field grown accessions for fatty acid, flavonol, and mineral variability.
Results and Discussion

Fatty Acids
The seed fatty acid percentages including the fatty acids stearic, oleic, linoleic, arachidic, gadoleic, and lignoceric, were influenced by year and accession (Table 1) . Total oil (per g DW) ranged from 2.32% to 2.87%. Palmitic and behenic acid compositions varied by accession, but not by year. Significant variation for fatty acid composition occurred among these horse gram accessions (Table 2) . Oleic acid composition from all seven accessions ranged from 8.9% to 16.8% (as percent of total fatty acids) and seeds from PI 639027 (Nepal) produced the highest amount (16.8%), while PI 174824 from India produced the least (8.9%). Joshi et al. [18] reported oleic acid content ranging from 14.6% to 25.1% in nine horse gram genotypes, which are a little higher than what we reported in samples from the U.S. horse gram collection. However, Krishna et al. [19] reported that horse gram contained 14.9% oleic acid, which was slightly lower than what we found in PI 639027 (16.8%). We found oleic acid content averaging 13.6% for all horse gram accessions tested and Kadam et al. [13] found similar oleic acid levels (13%) in horse gram seeds. More of the human essential fatty acid, linoleic acid (ranging from 40.3% to 45.6%) was produced from these seven horse gram accessions than all other fatty acids. Joshi et al. [18] reported linoleic acid content ranging from 20% to 34.2%, while Krishna et al. [19] recorded 37.8% linoleic acid from horse gram genotypes. These were generally lower than what we found for all seven horse gram accessions tested from the USDA collection, which averaged 43.3% linoleic acid, or for horse gram lines reported by Kadam et al. [13] which averaged 44.6% linoleic acid. Seeds from PI 174824 produced significantly higher amounts of linoleic acid (45.6%) and another essential human fatty acid, linolenic acid (14.3%), than all other accessions. Joshi et al. [18] recorded only modest linolenic acid content among nine horse gram accessions ranging from 0.64% to 1.79%. However, Krishna et al. [19] and Kadam et al. [13] reported similar linolenic acid content at 13% and 13.7%, respectively, which was comparable to what we found among seven horse gram accessions (averaging 12.4%). Most of the additional fatty acid compositions found from these seven accessions were fairly low except for palmitic acid which ranged from 21.6% to 25.4%. Krishna et al. [19] reported a similar palmitic acid content (19.6%); however, Joshi et al. [18] reported palmitic acid content exceeding ours by 20 to 30 percentage points. Means followed by different letters are significantly different (P < 0.0001); † Even though oil data was not included in the 2 year analysis, we did however, include oil %'s on a dry weight basis from these seven horse gram seed samples previously stored at −18 °C. Analyses were conducted using ANOVA with 2 replications (each replication consisted of a duplicated sample) per accession.
Flavonols
There were significant accession effects for myricetin, quercetin, and kaempferol concentrations in horse gram seeds (Table 3) . Kaempferol was the only flavonol affected by year. The flavonol, myricetin ranged in concentration from 0 to 36 μg/g on a dry weight basis in seeds among these horse gram accessions ( Table 4 ). The accession, PI 174827, produced a significantly higher concentration of myricetin (36 μg/g) than most of the other accessions. Sreerama et al. [20] reported myricetin concentrations in horse gram cotyledons, embryonic axes, and seed coats averaging 2.4 μg/g, 32.9 μg/g, and 35.5 μg/g DW, respectively. Quercetin ranged in concentration from 0 to 27.2 μg/g and PI 174827 produced a significantly higher quercetin concentration (27.2 μg/g) than several of the other horse gram accessions. Even though Sreerama et al. [20] reported a quercetin concentration of 9.7 μg/g DW in horse gram cotyledons, much higher concentrations of quercetin were found in the embryonic axes (113.4 μg/g DW) and seed coat (130 μg/g DW) of horse gram. We report an average of 17.5 μg/g DW for five horse gram accessions only because both PI 212636 and PI 639027 produced quercetin below quantifiable limits when evaluated using HPLC, therefore quercetin values could not be given to either of these accessions. This is slightly below the average of 22.5 μg/g reported for quercetin concentrations among several common bean seeds [21] , but very similar to what we reported for PI 174827 (27.2 μg/g DW), PI 163321 (23.8 μg/g DW), and PI 345729 (21.5 μg/g DW). We found kaempferol concentrations averaging 279 μg/g DW in seven horse gram accessions, which was more than twice the concentration reported by Sreerama et al. [20] in horse gram seed coats and embryonic axes. However, they only found 9.7 μg/g DW of kaempferol in horse gram cotyledons. Kaempferol concentrations in common bean reported by Diaz-Batalla et al. [21] Means followed by different letters are significantly different (P < 0.0001).
Minerals
We reported year effects for several minerals including Fe, K, Mg, Mn, Ni, and S (Table 5 ). Accession effects were observed for Ca and S only. Horse gram accessions differed significantly for the macro-minerals, Ca, P, and S (Table 6 ). We found nearly twice as high a concentration of Ca among seven horse gram accessions (averaging 2.4 mg/g) than those reported by Kadam et al. [13] . Even though Ca was fairly low, PI 174827 accumulated a significantly higher concentration of Ca (3.27 μg/g) than PI 165594, PI 174824, PI 212636, and PI 639027. Horse gram accessions in our study averaged 13.6 mg/g DW, 1.6 mg/g DW, 4.1 mg/g DW, and 2.1 mg/g DW of K, Mg, P, and S, respectively. Kadam et al. [13] reported similar levels of Mg, but they did not report any other macro-mineral. There were no significant differences among horse gram accessions for the micro-minerals including Cu, Fe, and Ni. We reported an average of 64 μg/g of Mn in horse gram seeds which was four times higher than what Kadam et al. [13] found. Only PI 212636 accumulated a significantly higher concentration of Mn (95.25 μg/g) than PI 174824 (40.05 μg/g). Zinc concentration averaged 37 μg/g among our horse gram accessions which was very similar to that found by Kadam et al. [13] . The accession, PI 639027 accumulated a significantly higher concentration of Zn (42.14 μg/g) than PI 212636 (33.44 μg/g) and PI 174824 (33.21 μg/g). Kadam et al. [13] found 55 μg/g and 119 μg/g of Cu and Fe, respectively in horse gram seeds which were much higher than our results. We found Cu and Fe concentrations among horse gram accessions averaging 11.5 μg/g and 71.2 μg/g, respectively. Average Fe concentration exceeded all other micro-minerals, but was followed closely by Mn (averaging 64 μg/g). Zinc concentrations averaged 36.7 μg/g, while both PI 174824 (33.21 μg/g) and PI 212636 (33.44 μg/g) amassed significantly lower Zn concentrations than PI 639027 (42.14 μg/g). .63 *Significant at P = 0.05; **Significant at P = 0.01; ***Significant at P < 0.0001. 
Correlation Analysis
Several fatty acids, flavonols, and minerals correlated significantly ( Table 7) . The saturated fatty acid, myristic acid showed highly significant positive correlations with palmitic acid (r = 0.81, P < 0.0001); stearic acid (r = 0.77, P < 0.0001); arachidic acid (r = 0.66, P < 0.01) and Cu (r = 0.51, P < 0.01). Myristic acid also correlated negatively with oleic acid (r = −0.53, P < 0.01) and gadoleic acid (r = −0.66, P < 0.01). Palmitic acid showed a significantly positive correlation with stearic acid (r = 0.66, P < 0.01) and arachidic acid (r = 0.73, P < 0.001). However, palmitic acid also had a negative significant correlation with gadoleic acid (r = −0.55, P < 0.01); myricetin (r = −0.69, P < 0.01); quercetin (r = −0.62, P < 0.01); and Ca (r = −0.55, P < 0.01). Therefore, as gadoleic acid, myricetin, and quercetin content of the seeds increased, palmtitic acid decreased. This is important because a breeding approach could focus on increasing both myricetin and quercetin content while decreasing palmitic acid. Stearic acid showed highly significant correlations with oleic acid (r = −0.50); arachidic acid (r = 0.65); gadoleic acid (r = −0.63); Cu (r = 0.59); K (r = 0.55); and Mg (r = 0.51, all at P < 0.01). Arachidic acid correlated significantly with behenic acid (r = 0.55); lignoceric acid (r = 0.62); myricetin (r = −0.72), quercetin (r = −0.79), and Zn (r = −0.54, all at P < 0.01). As myricetin, quercetin, and Zn increased in horse gram seeds, arachidic acid decreased. Thus, a breeding approach could once again focus on increasing myricetin, quercetin, and Zn content while decreasing the saturated fatty acid, arachidic acid. Behenic acid correlated with lignoceric acid (r = 0.63, P < 0.01) and lignoceric acid correlated with S (r = −0.76, P < 0.0001). The mono-unsaturated fatty acid, oleic acid correlated, significantly with linoleic acid (r = −0.64); arachidic acid (r = −0.61); Ca (r = 0.50); Zn (r = 0.51, all at P < 0.01); gadoleic acid (r = 0.78) and quercetin (r = 0.83, both at P < 0.0001). Another mono-unsaturated fatty acid, gadoleic acid, significantly correlated with quercetin (r = 0.64) and Ca (r = 0.58, both at P < 0.01). The poly-unsaturated fatty acid, linoleic acid, significantly correlated with both kaempferol and Fe (r = 0.50, P < 0.01), while linolenic acid had a significant negative correlation with both Cu (r = −0.66) and Fe (r = −0.50, both at P < 0.01). Both Cu and Fe in horse gram seeds can be increased in a breeding program, however linoleic acid would decrease. Myricetin correlated significantly with quercetin (r = 0.92), and Ca (r = 0.82, both at P < 0.0001), while quercetin correlated with Ca (r = 0.82, P < 0.0001) and kaempferol correlated with Mg (r = 0.61, P < 0.01). Calcium negatively correlated with K (r = −0.52, P < 0.01) and Cu correlated with both Fe (r = 0.71, P < 0.0001) and K (r = 0.56, P < 0.01). Several additional mineral correlations were observed as well including Fe with K (r = 0.66) and Mg (r = 0.56, both at P < 0.01); K with Mg (r = 0.80, P < 0.0001), Mn (r = −0.53), S (r = 0.61, P < 0.01); Mg with Mn (r = −0.53), Ni (r = −0.59, both at P < 0.01); Mn with Ni (r = 0.92, P < 0.0001); and P with S (r = 0.63, P < 0.01). These correlations provide evidence that these seven horse gram accessions consist of very important fatty acid profiles, flavonols, and minerals for use as parents in breeding programs and a potential functional food. *Significant at P = 0.05; **Significant at P = 0.01; ***Significant at P = 0.0001; † Oil % data was not included since it was not evaluated from field grown horse gram accessions.
Materials and Methods
Plant Materials
Seven self-pollinating horse gram (Macrotyloma uniflorum (Lam.) Verdc. accessions from the USDA, ARS, Plant Genetic Resources Conservation Unit, Griffin, GA, USA were evaluated in this research. These seven accessions with plant introduction number, name, identifier, and origin are listed as follows: PI 163321, Kolt, 8484, (India); PI 165594, Ghat, 9404, (India); PI 174824, Ghat, 10015, (India); PI 174827, Ghat, 10180, (India); PI 212636, 13105, (India); PI 345729, (India); and PI 639027, GRIF 5517, I-905a, (Nepal). These seven accessions represent those horse gram samples adapted to the Griffin, GA environment for seed production.
Seed from each of these seven horse gram accessions were planted in 6.4 cm × 7.0 cm jiffy pots (Hummert International, Earth City, MO, USA) containing Promix HP potting soil (Griffin Greenhouse, Ball Ground, GA, USA) each year (2009 and 2010) on April 1 and seedlings were grown in a greenhouse with no supplemental lighting at a temperature range of 21 to 26 °C. Seedlings were transplanted to the field on 5 May 2009 and 4 May 2010 in a randomized complete block design with 2 replications. The soil type for both the 2009 and 2010 evaluations was a clayey, kaolinitic, thermic typic kanhapludults soil series in Griffin, GA. A supplemental fertilizer consisting of a 10-10-10 NPK ratio was applied to the field soil prior to transplanting at a rate of 100 lbs/acre. Twenty-five to 50 plants representing each accession per plot were transplanted in one 6 m row plot with 6 m between rows. Plots were irrigated using sprinklers as necessary. Mature pods were harvested from each horse gram accession 3 to 6 months after transplanting, dried at 21 °C, 25% RH for 1 week, and threshed.
Fatty Acid Analysis
Fatty acids were determined using an Agilent 7890A gas chromatograph (Agilent Technologies, Santa Clara, CA, USA) with a split/splitless inlet and flame ionization detector. Oil from ground horse gram seeds (~250 mg of seed meal) was extracted in 3 mL heptane and converted to fatty acid methyl esters (FAMEs) with 500 μL of a 0.5 N sodium methoxide in methanol. An aliquot from the heptane layer was injected. Peak separations were performed on a DB-225 capillary column (15 m × 0.25 mm internal diameter with a 0.25 μm film). One μL of sample was injected at a 15:1 ratio into the column using the following thermal gradient of: 195 °C for 1 min, 195 to 200 °C at 2.5 °C/min and 200 to 230 °C at 5 °C/min. The carrier gas was helium with an inlet pressure set to 12 psi (~1 mL/min, ~39 cm/sec at 195 °C). The peaks were identified by retention time comparison to a FAME standard mix RM-3 (Sigma-Aldrich, St. Louis, MO, USA) and the oven was equilibrated for 3.5 min between injections. Duplicate injections ensured adequate separation and quantification of all fatty acids in each sample. Two extractions and injections per replicated accession were used for data analysis.
Flavonol Analysis
Approximately 0.1 g of ground horse gram seed tissue was placed into tubes and 5 mL of extraction solvent consisting of 60% HPLC grade methanol with 1.2 M HCL was added to each sample, mixed, and incubated at 80 °C for 2 h. The samples were then centrifuged, and part of the supernatant was filtered prior to injection. Separations were performed by reverse phase HPLC using a Zorbax Eclipse 3.0 × 150 mm, 5 μm, C18 column (Agilent Technologies, Santa Clara, CA, USA) at 40 °C on an Agilent 1100 HPLC with a binary pump and autosampler. The sample injection volume was 5 μL, and analytes were monitored with a diode-array detector at 370 nm (flavonols). The absorption of 370 nm is the typical absorption wavelength for flavonols which are slightly different than isoflavonoids with a typical absorption near 285 nm. This research is dealing with 3 flavonols including quercetin, kaempferol, and myricetin. Thus their absorption will be near the 370 nm range. Flavonol standards including myricetin (catalogue no. M6760), quercetin (catalogue no. Q4951) and kaempferol (catalogue no. 60010) (Sigma-Aldrich, St. Louis, MO, USA) were dissolved in a 5:3:2 mix of DMSO, methanol, water and diluted with 60% methanol to generate standard curves for peak identification and quantification. The mobile phase consisted of HPLC-grade acetonitrile (B) and 0.1% formic acid in filtered, sterile water (A). The flow rate was 0.8 mL/min at the following gradient: 15% B at time zero to 35% B at 20 min. The column was washed with 95% B for 5 min and equilibrated for 7 min between injections. The range of concentration for the linear calibration curve was 0.5 to 20 ng/μL for the flavonols. Duplicate extractions and injections in the mobile phase ensured adequate separation and quantification of all flavonols in each sample. Two extractions and injections per replicated accession were used for data analysis.
Mineral Analysis
Dried horse gram seed samples were ground to a fine powder using a stainless steel coffee grinder. A minimum of two sub-samples (~0.25 g DW) from each ground sample were digested and processed for mineral analysis. Specifically, sub-samples were weighed and placed in 100 mL borosilicate glass tubes for pre-digestion overnight with 3 mL ultra-pure nitric acid. The following day, tubes were placed in a digestion block (Magnum Series; Martin Machine, Ivesdale, IL, USA) and maintained at 125 °C for a minimum of four h (with refluxing). Then, tubes were removed from the block, cooled for 5 min prior to adding 2 mL of hydrogen peroxide, and then they were returned to the block at 125 °C for 1 h. This hydrogen peroxide procedure was repeated two more times. Finally, the digestion block temperature was raised to 200 °C and samples were maintained at this temperature until they were dry. Once cooled (after removal from the block), the digested samples were resuspended in 2% ultra-pure nitric acid overnight, then vortexed and transferred to plastic storage tubes until analysis for Ca, Cu, Fe, K, Mg, Mn, Ni, P, S, and Zn concentrations. Mineral analysis was performed using ICP-OES (inductively coupled plasma-optical emission spectroscopy) (CIROS ICP Model FCE 12; Spectro, Kleve, Germany); the instrument was calibrated daily with certified standards. Tomato leaf standards (SRM 1573A; National Institute of Standards and Technology, Gaithersburg, MD, USA) were digested and analyzed along with the horse gram samples to ensure accuracy of the instrument calibration. Seed mineral concentrations were determined on a dry weight basis (μg/g or mg/g), using an average value derived from the two sub-samples of each field replication.
Statistical Analysis
Data from the two year field experiments were combined to maximize the detection of accession differences over two years. The analysis of variance was performed using Proc GLM of SAS (SAS 9.2, SAS Institute, Inc., Cary, NC, USA) to determine significance of accession, year, and accession × year effects. Accession and year were treated as random effects. Mean separations were performed using Duncan's multiple range test (P < 0.0001). Correlations were analyzed using Proc Corr Pearson (SAS 9.2, SAS Institute, Inc., Cary, NC, USA).
Conclusions
These under-utilized horse gram accessions evaluated for various phytochemicals will provide breeders with valuable germplasm for the development of future cultivars with superior fatty acid, flavonol, and mineral concentrations for potential use as a functional food crop in the southeastern United States or in sub-tropical and tropical countries worldwide. Several of these accessions could also be grown by farmers for the production of a new summer pulse crop. Since more food will be required for sustaining a growing world population, horse gram can provide another healthy legume for consumption. Horse gram can also be used to help alleviate problems associated with malnutrition in Africa and Asia.
